The uniformity of water application is an important factor in the evaluation of sprinkler irrigation systems. This uniformity depends on the type of sprinkler and its operating conditions, such as the arrangement and spacing between the sprinklers in the area; velocity and wind direction during the period of water application and the pressure variation of the irrigation system. The objective of this study was to model, analyze and compare the structure of spatial dependence, as well as the spatial variability of the water depths applied by a sprinkler irrigation system with compensating and non-compensating sprinklers, using geostatistical methods and measurements of accuracy or similarity between the applied water depth maps. The experiment was carried out in an agricultural area, in the city of Cascavel-Paraná-Brazil. A total area of 10 x 10 m was used, with 04 compensating and 04 non-compensating sprinklers installed at a height of 1.5 m. For each type of sprinkler, water levels were measured in 100 collectors spaced 1 x 1 m in the study area in 32 trials. On each test sprinkling was carried out for one hour. The conditions of wind, temperature and air humidity were evaluated at the beginning of each test and at 10-minute intervals with a climatological station. As the geostatistical analysis showed the existence of directional trends, the coordinates were incorporated as covariates to the linear spatial model in the study of the spatial dependence of the average depth of the irrigation water for the two types of sprinklers. The spatial dependence structure that best fits the data when using the compensating sprinklers was the Gaussian model and when the non-compensating sprinklers were used, it was the exponential model. The spatial variability maps of average irrigation water depth (mm) of the trials, obtained by universal kriging, revealed that for both sprinklers there was an increase in the mean level average values in the northwest-southeast direction (135 o in the azimuth system) in the area under study, influenced by wind direction and velocity during the execution of the experiment.
INTRODUCTION
Brazil is one of the countries with the largest reserves of fresh water on the planet (12% of the world total). Water resources have significant importance in the development of various economic activit ies, especially for the agribusiness sector that accounts for 23% of the Gross Do mestic Product (GDP) of Brazil.
Irrigation is an ancient technique that aims to provide the necessary amount of water to the plant at the mo ment it needs and in the exact amount. Since it is properly used, it has many benefits, such as increased productivity, job creation, and profitable growth of rural producers Souza et al., 2011) .
Currently, Brazil is one of the ten countries with the largest irrigated area on the planet. According to the National Water Agency (ANA, 2017) the country has 6.95 million hectares using different irrigation techniques and can expand this area by 45% by 2030.
Sprin kler irrigation simulates an artificial rain in which a sprin kler expels water into the air, which by aerodynamic resistance turns into small droplets of water that fall on the soil and plants. Its main systems are the conventional, central p ivot and self-propelled. According Spatial variability of the water depth applied by fixed sprinkler irrigation systems Engenharia Agrícola, Jaboticabal, v.38, n.2, p.188-196, mar./apr. 2018 189 to Martins et al. (2008) , is one of the most used methods in the last decades in Brazil, since, of the total area of irrigated vegetables, more than 90% are irrigated by sprinkling (Fravet & Cruz, 2007) , which has contributed to increase both the irrigated area, as well as, the number of companies manufacturing irrigation equip ment (Rocha et al., 2005) .
This information only illustrates the relevance that should be given to studies involving the evaluation of the distribution uniformity of the applied water levels depths of irrigation systems, considering that, the irrigation sector is the largest and most dynamic consumptive water use fro m the springs in Brazil, removing about 969 thousand liters of water per second, corresponding to 46% of all total water consumption (ANA, 2017) .
According to Frizzone et al. (2011) , the uniformity coefficients of water distribution have been the main evaluation method of an irrigation system, since they express, in a specific way, the variab ility of the irrigated water depth at the soil surface. This allows identify ing if the planning and operation of the system has been carried out correctly, in v iew of, the aspects related to sprinkler spacing, sprinkler type and the system operating pressure.
However, several surveys (Pair et al., 1969; Nogueira & Souza, 1987; Costa & Castro, 1993; A lves & Castro, 1995; Justi et al., 2010) have shown that the uniformity of water application is also affected by the wind velocity, because the wind causes a change in the distribution profile of the sprinkler and drags the droplets of smaller diameter. Generally, the higher the wind speed, the lower the coefficients of uniformity values. According to Bernardo (2006) , the wind velocity less than 2.0 m s -1 does not generally affect this uniformity of water application, making it less significant when the spacing between sprinklers decreases.
Although, to visualize the spatial variability of the water depth applied by the irrigation system, is an important way to identify possible solutions to improve the uniformity of application. Thus, geostatistics is one of the most important and used methods of spatial analysis to study random variab les by means of probabilistic models, when it has the spatial location of the data Robinson et al., 2013 , Wendpap et al., 2015 The objective of this study was to model, analy ze and compare the structure of spatial dependence, as well as, the spatial variability of water depths applied by a sprinkler irrigation system with compensating and noncompensating sprinklers, using geostatistical methods and measures of accuracy or similarity between the applied water depth maps.
MATERIAL AND MET HODS
Location of the survey, sampling grid and arrangement of the collectors or pluviometer
The experiment was carried out in the farm called "Floricultura & Mercado de Plantas Cascavel", north region of the city of Cascavel-Paraná-Brazil, at 24 o 55' 04" South latitude, 53 o 28' 31" West longitude and altitude of 785 m. The climate of the region is temperate, mesothermic, super humid, sub-tropical, with average air temperature in January of 28.6C, and in Ju ly of 11.2C, with frost occurrence. In addition, in Cascavel, the average annual precipitation is equal to 1940 mm and the annual average air relative hu mid ity is around 75% (Tamagi et al., 2016) .
The mounted sprinkler system had the following equipment: 5 m³; water pu mp Sonar brand of 2 HP with 60 m.w.c. and Q = 4.5 m³ h -¹; 04 manometers of 0-10.5 Bar; filter; hydrometer; valves; tubing of black plastic lines of one inch in diameter; 04 co mpensating sprinklers and 04 non-compensating (blue nozzle, super 10, fro m NaanDan manufacturer) installed at 1.5 m height; 100 co llectors (with 80 mm in diameter and 102 mm in height, fro m the Fabrimar brand) fixed to metal rods, 70 cm fro m the soil surface; and a portable weather station La Crosse Technology to record the Agrometeorological conditions at the sprinkler test site.
Firstly, these equipments were installed in the total area of 10 x 10 m (Figure 1 ) with the 04 compensating sprinklers and the 100 co llectors distributed equidistantly in a 1.0 x 1.0 m grid (Figure 1 ). The collector lines covered a distance greater than or equal to the emitter's jet range, which operated for 1 hour, in each of the 32 tests performed. For each test, the water volume of the collectors was measured by means of a graduated measuring cylinder, following the NBR ISO 7749 -2 standard -Agricultural irrigation equipment -Rotating sprinklers and Part 2: Un iformity of d istribution and test methods (ABNT, 2000) .
After co mpleting the 32 tests with the compensating sprinklers, the same procedure was performed with the 04 non-co mpensating sprinklers. For each type of sprinkler used, the average value of the water depth (mm) of the 32 tests was considered as variable for the analysis of spatial dependence." The agrometeorological variables, wind speed (WS) (m s -1 ), temperature (T) (°C) and relative hu midity (RH) (%) were obtained, respectively, by a thermometer, a thermohygrometer and a totalizer anemo meter, installed at a height of 2 m in relat ion to the soil surface. The reading of these instruments was made, at the beginning of each sprinkler test and, then every 10 minutes until one hour of each test was completed.
For each type of sprinkler and for each of the variable (agro meteoro logical variables and the average water depth), a descriptive statistical analysis was carried out, whose objective was to describe briefly and compare the samples results obtained in all variables, among the types of sprinklers used. In order to verify if the agrometeorological conditions were statistically equal between the tests performed with co mpensating and noncompensating sprinklers, the t-Student hypothesis test was applied for independent samples, with a level of 5% of significance. Thus, if p-value < 0.05 (α=5%) then there is significant statistical difference for each of the agrometeorological monitor variables; otherwise, the difference is not significant at 5% probability. The same hypothesis test was also applied to verify if the average of the water depths applied with the non-compensating and compensating sprinklers differed during the experiments.
Spatial anal ysis
The spatial dependence structure of the average water depth was also modeled for each type of sprinkler using geostatistical methods . To perform these analyzes, we considered a Gaussian stochastic process In this model, the mean µ(s i ) is the deterministic term and e(s i ) is the stochastic term that depends on the spatial location in which Z(s i ) was gotten. It was assumed that the stochastic error e(s i ) has zero mean, that is, E[e(s i )] =0, and that the variation between points in space is determined by a covariance function (Oliver & Webster, 2014) .
The Gaussian linear spatial model can be written, in mat rix notation, by [eq. (1)]:
on that:
is the matrix of the design n x p; is the vector p x 1 of the unknown parameters associated with the deterministic term (Monego et al., 2015 , Schemmer et al., 2017 ; ε is the vector of random errors n x 1, with E(ε) = 0 (null vector) and covariance matrix Σ=[(σ iu )]. It was assumed that Σ is a non-singular definite positive matrix n x n and that Z has a normal p robability distribution n-varied with mean vector and covariance matrix Σ, this is, Z ~ N n ( , Σ) (De Bastiani et al., 2015) .
The parametric fo rm of the covariance matrix (Uribe-Opazo et al., 2012) be expressed by [eq. (2)]:
on that, φ 1 is the nugget effect or variance error; I n is an identity matrix with dimension n x n; φ 2 is the dispersion covariance or variance; φ 3 is a function of the practical range (a) of the model; R(φ 3 ), is a matrix, with dimension n x n, that is a function of φ 3 . Being that R(φ 3 )=[(r iu )] is a symmetric matrix with its elements equal to: The parametric fo rm of the covariance matrix Σ given in [eq. (2)], occurs for several stationary and isotropic processes , in wh ich the covariance C(s i , s u ) = C(h iu ) can be expressed by the Matern functions' family, given by [eq. (3)]:
on that: In covariance functions C(h iu ), the variance of Z is C(0) = φ 1 + φ 2 and is called the sill, and semivariance is defined as γ(h)= C(0) -C(h) (Cressie, 2015) .
The presence of directional tendency and anisotropy was evaluated initially by means of the Postplot graph. In this graph, the values of the average depth in each type of sprinkler are classified according to the quartiles (the larger the range of values, the darker the color of the point in the gray scale).
The spatial dependence structure between the sample elements and the presence of anisotropy was identified through the construction of experimental semivariograms (o mnid irectional and directional), using the classical Matheron estimator [eq. (4)] to calculate the values of the semivariance as a function of distance (Grego et al., 2011) . (Oliver & Webster, 2014 
In order to choose the model that best fits the data; we used the cross-validation technique and the Akaike criterion (Faraco et al., 2008; Lu et al. 2012; Robinson et al., 2013) .
After the estimation of the parameters of the geostatistical model by the maximu m likelihood method, the average values of the water depth applied by sprinkler irrigation in non-sampled locations were estimated using the interpolator called universal kriging, used for processes in wh ich the determin istic term of the Gaussian spatial linear model is not constant. By means of this spatial estimation, the maps of the spatial variability of the average water depth applied by sprinkler irrigation in the study area were elaborated.
The maps of the spatial variability of the average water depth were compared by the accuracy or similarity measures obtained by the error matrix: global accuracy ( ), Kappa concordance index ( ) and Tau concordance index ( ) (De Bastiani et al., 2012) .
The software R (R Develop ment Core Team, 2016) and the geoR module (Ribeiro Jr. & Diggle, 2016) were used for the study of the spatial dependence of the data and the construction of interpolated maps to visualize the spatial variability of the average water depth for each one of the sprinklers.
RES ULTS AND DISCUSS IONS

Analysis of the Agrometeorological vari ables
For It was found that wind speed and air temperature (Table 1) were statistically similar to 5% o f significant (as p-value > 0.05) during the execution of the experiment for both types of sprinklers used (compensating and noncompensating). However, while the wind speed showed high dispersion (CV > 30%) (Go mes, 2000) during the tests, with both sprinklers (Table 1) , the same did not occur with the temperature of the air in which the dispersion was (CV ≤ 30%), wh ich is explained considering that during the execution of the experiments, the average, minimu m and maximu m air temperatures were around 30.88 o C; 21.09 °C and 38.71 °C, respectively. However, the agrometeorological variable RH had a statistically significant difference (p-value < 0.05) between the experiments with the two types of sprinklers, with high homogeneity (Table 1) for tests performed with non-compensating sprinklers (CV = 3.25 %) and low dispersion (CV = 12.05%) for the tests with the compensating sprinklers.
The similarity of most agro meteorological conditions, especially wind speed, among the experiments performed with the two types of sprinklers are important data for the analysis of the distribution of the water depth during irrigation. Research by Justi et al. (2010) , , and Oliveira et al. (2012) report that higher wind velocit ies can affect water jets as well as their direction, providing distortions regarding the uniformity of water distribution in the soil.
For Bernardo (2006) , when wind speed is less than 2.0 m s -1 it does not affect the uniformity of water application. It also adds that the wind effect beco mes less significant when the spacing between sprinklers decreases. As the wind speed varied between 0 and 4.67 m s -1 during the experiments (Table 1) , with a mean of 2.22 and 2.23 m s -1 , respectively, for the compensating and noncompensating sprinklers, the statistical assumptions that these sample means were significantly greater than 2.0 m s -1 . As by the Student's t-test, single sample, the pvalues were 0.002 (co mpensating) and 0.001 (noncompensating) it was verified that in fact the wind velocities were greater than 2.0 m s -1 (Bernardo, 2006) , which may indicate that the wind speed may have influenced the uniformity of d istribution of the water depth in the experiments.
Analysis of the variables of the average irrigati on water depths by sprinkling of the 100 collectors in the 32 trials
The descriptive statistics of the water depth applied by the compensating sprinklers (ACS, i.e., wh ich stands for the "average" water "depth" obtained by the use of the "compensating" sprinkler) and non-compensating sprinklers (A NCS, i.e. the abbreviation "average" water "depth" obtained by the use of the "no compensating" sprinkler) are shown in Tab le 2. For each type of sprinkler, there is little d ispersion and homogeneity of the values of the average water depth in relation to their mean values (CV < 30%) (Go mes, 2000) . A lthough some similarity was observed in the sample mean values, there were significant differences between the sprinklers in relation to the average water depth applied at 5% probability. The Post-plot graphs (Figure 2 ) illustrate the average values of the irrigated water depth obtained in each of the 100 collectors for the non-compensating ( Figure 2a ) and co mpensating sprinklers (Figure 2b ). For each type of sprinkler, a directional tendency (Figure 2 ) of the average irrigation water depth in the direct ion of 135º in the azimuth system (northwest-southeast) was observed. This directional trend was also confirmed for the sprinkler types, due to the existence of a significant linear association, at 5% probability, between the values of the average irrigation water depth, with the coordinates of the X and Y axes of the area, estimated by the Pearson linear coefficient (Table 3 ).
This can be explained, because according to Souza et al. (2013) the dominant direction of the winds in the region of Cascavel/PR is northwest-southeast (NE). Shull & Dy lla (1976) , observing the effects of wind speed on the water distribution in a high pressure sprinkler, concluded that increasing wind speed increased the jet's wind direction, shortened it and narrowed the range in the normal d irection to the direct ion of the wind, causing a decrease in wet diameter.
In addition, it was observed for ACS that the discrepant points correspond to the highest average depth values and are located in the southeast region of the study area (Figure 2b ). (a)
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Engenharia Agrícola, Jaboticabal, v.38, n.2, p.188-196, mar./apr. 2018 193 As the presence of the directional tendency influences the assumption of stationarity of the stochastic process in the geostatistical modeling, this was incorporated to the study of spatial dependence of the average irrigation water depth, considering that the mean of the stochastic process is explained by means of a linear regression model, where the coordinates of the X and Y axes are the covariates (Santos et al., 2011; Monego et al., 2015) .
The estimated values for the spatial linear model that describes the spatial dependence structure of the average irrigation water depth using these sprinkler systems are presented in Table 4 . The best predicted model for the covariance function was the Gaussian (with nugget effect 1 1 + 2 =0.057 and practical range a =13.81 m), when the compensating sprinkler was used, and the exponential model (with nugget effect 1 sill 1 + 2 =0.06 and practical range a =3.8m), when the non-compensating sprinkler was used.
The estimated values for relative nugget effect RN E = 100 1 /( 1 + 2 ) indicated that there is a strong spatial dependence of the variable average water depth for the two types of sprinklers used ( (Cambardella et al., 1994) . It can be observed that the variables average water depths obtained by the use of the two types of sprinklers presented similar estimates of nugget effect and contribution. However, they presented a significant difference in the estimated values of the practical range for the average irrigation water depth, being 3.80 m for the compensating sprinklers and 13.31 m fo r the noncompensating sprinklers. Thus, it is observed that the radius of spatial dependence for the average irrigation water depth is higher in the non-compensating sprinkler. In Table 4 it can be observed that while the compensating sprinklers ( as non-compensating ( , there was a direct influence of the X coordinate and an inverse influence of the Y coordinate in relation to the estimated values for the average irrigation water depth (mm). That is, the larger the value of the X coordinate and the smaller the value of the Y coordinate, the larger the average water depth (mm). This confirms the directional tendency in the 135º direct ion following the azimuth system, shown in Figure 2 . However, we observe a greater influence of the Y coordinate for A NCS.
With the estimated models (Table 4 ) of the spatial dependence structure of the average irrigation water depth (mm), for the non-compensating sprinkler systems (exponential structure, = 0.05 ) and compensating (Gaussian structure, = 0.007 + 0.053 ), the maps for the non-stationary variables, the average irrigation water depth of the noncompensating sprinkler -ANCS (Figure 3a ) and the mean depth of the compensating sprinklers -ACS ( Figure 3b ) were calculated using universal krig ing. For both types of the sprinklers, the average depth has increased in the northwest-southeast direction (135° in the azimuth system) in the study area, probably motivated by the direction of the dominant wind speed (Souza et al., 2013) . This directional tendency was evidenced by the estimated geostatistical model (Tab le 4). In addition, for ANCS, estimated values ranged from 2.18 to 4.47 mm, whereas for ACS, values estimated in 98% of the area varied between 2.18 and 3.69 mm (Table 5 ) during the tests performed, which justifies the statistical difference of the irrigated med iu m depths between the two types of sprinklers (Table 2 ) and greater variability (CV = 11.70%) of the distribution for non-compensating sprinklers (Table 2) . The similarity measures (Table 6 ) for the comparison of the thematic maps (Figure 3 ) of the average irrigation water depth (ANCS and ACS) indicate low similarity (De Bastiani et al., 2012) ). Thus, it is possible to deduce that there are differences in water depth between the two types of sprinklers, and that the compensating sprinklers presented better uniformity of water distribution, as already identified by Tamagi et al. (2016) by means of the uniformity coefficients (CUC, CUD and CUE). 
CONCLUS IONS
Regarding the spatial dependence structure described by the estimated geostatistical models, there was a greater spatial dependence radius between the values of the average irrigation water depth when the noncompensating sprinkler was used.
The dominant direction of the winds in the region of Cascavel/PR, wh ich is northwes t-southeast (NE), and the wind speed, which on average was above 2 m s -1 during the execution of the tests, the existence of a directional tendency (north-south-east direction) of the mean irrigation water depth values applied for both compensating and non-compensating sprinklers. This can only be observed with the construction of maps of spatial variability of the applied water depths, which would not be possible, using only uniformity coefficients, which demonstrates the importance of using several tools for data analysis in the irrigation systems.
The compensating sprinklers applied a s maller amount of water (averaging 13.1%), with a greater spatial distribution of water (CV = 9.72%) than noncompensating sprinklers (CV = 11.70%). Th is is most evident by the low similarity obtained between the maps of spatial variab ility, considering that for the compensating sprinklers 98% of the area had a depth varying between 2.18 and 3.69 mm, whereas for non-compensating sprinklers only 78.8% of the area received this water depth.
It is concluded, therefore, the use of compensating sprinklers bring better results as the distribution of water depth in sprinkler irrigation systems.
